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Understanding the rapidly developing building blocks of speech perception in infancy requires a close look at the auditory prerequisites
for speech sound processing. Pioneering studies have demonstrated that hemispheric specializations for language processing are already
present in early infancy. However, whether these computational asymmetries can be considered a function of linguistic attributes or a
consequence of basic temporal signal properties is under debate. Several studies in adults link hemispheric specialization for certain
aspects of speech perception to an asymmetry in cortical tuning and reveal that the auditory cortices are differentially sensitive to
spectrotemporal features of speech. Applying concurrent electrophysiological (EEG) and hemodynamic (near-infrared spectroscopy)
recording to newborn infants listening to temporally structured nonspeech signals, we provide evidence that newborns process nonlin-
guistic acoustic stimuli that share critical temporal features with language in a differential manner. The newborn brain preferentially
processes temporal modulations especially relevant for phoneme perception. In line with multi-time-resolution conceptions, modula-
tions on the time scale of phonemes elicit strong bilateral cortical responses. Our data furthermore suggest that responses to slow acoustic
modulations are lateralized to the right hemisphere. That is, the newborn auditory cortex is sensitive to the temporal structure of the
auditory input and shows an emerging tendency for functional asymmetry. Hence, our findings support the hypothesis that development
of speech perception is linked to basic capacities in auditory processing. From birth, the brain is tuned to critical temporal properties of

linguistic signals to facilitate one of the major needs of humans: to communicate.

Introduction

To acquire the specifically human faculty of language, infants face
the challenging problem of being confronted with a complex
auditory signal. Before the infant utters its first word, linguistic
input is preferentially processed (Ramus et al., 2000; Voulouma-
nos and Werker, 2007). At birth newborns are able to distinguish
their native language from other rhythmically different languages
(Mehler et al., 1988; Kuhl, 2004) and show adult-like, preatten-
tive discrimination of different vowels (Cheour-Luhtanen et al.,
1995; Alho etal., 1998). They further differentiate between highly
similar consonant—vowel syllables that vary in duration only by
milliseconds (Molfese and Molfese, 1979; Bertoncini et al., 1987).
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Notably, an early deficit in differentiating such rapid tempo-
rospectral variations is associated with specific language im-
pairments in childhood (Benasich and Tallal, 2002). Hence,
precise identification and analysis of acoustic cues are manda-
tory for language acquisition. However, which neuronal ensem-
bles support these critical perceptual abilities gating language
acquisition?

Whereas many studies have investigated the cortical networks
underlying specific linguistic processes in adults (Friederici, 2002;
Hickok and Poeppel, 2007), the emergence of this functional
organization remains unclear. Pioneering studies showed that
forward versus backward speech elicited greater vascular signal
changes in left temporal brain regions in newborns and 3 month
olds (Dehaene-Lambertz et al., 2002; Pena et al., 2003). Homae et
al. (2006) demonstrated right-hemispheric specialization for
processing prosodic information in 3 month olds. Evidently, hemi-
spheric specialization already appears in early infancy. However, the
origin of the lateralization remains controversial. That is, discrim-
ination abilities between speech versus nonspeech sounds and
between different rhythmic or prosodic structures might be
driven by differences in basic acoustic properties of the speech
signal itself. Several studies link hemispheric specialization for
certain aspects of speech perception to an asymmetry in cor-
tical tuning and reveal that the auditory cortices are differen-
tially sensitive to spectrotemporal features (Zatorre and Belin,
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2001; Schonwiesner et al., 2005). Hickok and Poeppel (2007)
postulate that decoding of speech is a multi-time-resolution pro-
cess, integrating the speech signal analysis on (at least) two
different timescales differentially relevant for specific aspects of
linguistic analysis. The perception of suprasegmental modula-
tions of language, like prosodic information carried by syllables,
requires integration over longer timescales (~150-300 ms) and
is expected to predominantly recruit the right-hemispheric audi-
tory cortex. Rapid acoustic modulations conveying segmental
information, fundamental to phonetic contrast perception, re-
quire the analysis over shorter temporal windows (~20-50 ms).
This multi-time-resolution hypothesis has been modified based on
growing experimental evidence (Poeppel et al., 2008). For example,
Boemio et al. (2005) support these assumptions by demonstrating
that right versus left superior temporal cortex shows greater blood
oxygenation level-dependent (BOLD) signal changes in response
to slow (150—-300 ms) acoustic modulations (Overath et al., 2008;
Warrier et al., 2009). Rapid temporal transitions, however, are
processed bilaterally, leading to symmetrical activation of left and
right auditory cortices.

The question of whether temporally modulated acoustic
sounds elicit lateralized brain responses at birth has not yet been
addressed. Using concurrent electrophysiological and hemody-
namic recording, the present study aims at investigating the sen-
sitivity of the auditory cortex in 3-d-old newborns for acoustic
stimuli with varying temporal structure. Our results point to
a—likely innate—neuronal specialization for basic temporal

Details of the combined EEG and optical topography setup. EEG was recorded from 17 scalp positions according to the
international 1020 system (Gr = ground, A1/A2 = reference). The following six measurement positions per hemisphere for
assessing the vascular response by optical imaging are represented by all available emitter— detector pairs (= measurement
position): (1) inferior frontal, (2) superior frontal, (3) inferior temporal, (4) superior temporal, (5) posterior temporal, and (6)
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characteristics of the auditory input
which may be fundamental to language
acquisition.

Materials and Methods

Subjects

Thirty-four healthy, full-term newborns (age
3.32 £ 1.27 d; range 2-6 d; 16 boys) were
tested. The newborns’ physical condition was
assessed by a local pediatrician with the stan-
dard newborn screening. This screening in-
cluded measuring otoacoustic emissions to
assess the newborns” hearing abilities: no hear-
ing deficits, neurological disorders, or prenatal
or perinatal complications were reported for
any of the subjects. Average birth weight was
3344 (% 591) g (range, 23654880 g), and the
mean gestational age was 40 (* 1.2) weeks
(range, 38—42 weeks). Information on familial
language impairment and handedness was ob-
tained from both parents. In 85% (n = 29) of
subjects, both parents were right-handed, and
in 15% (n = 5), one parent was left-handed. In
15% (n = 5) of the cases, one parent reported
speech or language impairment during child-
hood [i.e., reading disabilities (n = 1) and ar-
ticulation problems (n = 4)].

Three subjects had to be excluded from fur-
ther data analysis as a result of technical prob-
lems (n = 2) or crying (n = 1). Thus, optical
topography data from 31 subjects were ana-
lyzed. For the electrophysiological recordings,
only subjects for whom at least 50% of the anal-
ysis epochs (see below) survived artifact cor-
rection were included in further EEG analysis.
Therefore, we included 22 subjects for further
EEG analysis. This procedure corresponds to
other previously reported electrophysiological
infant studies (Dehaene-Lambertz and De-
haene, 1994).

Informed consent was acquired from both parents. The study protocol
was approved of by the local ethics committee at Charité Berlin.

Stimuli

The stimuli were selected from a set used in a published study inves-
tigating lateralization of complex acoustic properties in adults (Boemio
etal., 2005). The selected stimuli varied within their temporal structure,
whereas the spectral structure remained constant throughout the dif-
ferent conditions. Each tonal stimulus was created by concatenating
limited-bandwidth noise segments of varying durations, the specific
durations being commensurate with phonetic (shorter modulation fre-
quency) versus syllabic (longer modulation) processing. Whereas each
segment has a center frequency in the spectral range relevant for the
discrimination of speech formants (1000—1500 Hz), the actual stimuli
have no similarity to speech or natural vocalizations. Each 125 Hz band-
width noise segment was modulated in its center frequency. Throughout
the segments, this frequency remained constant. For each stimulus pre-
sentation, segment lengths of either 12, 25, 160, or 300 ms were concat-
enated to form a stimulation period of 9 s (corresponding to segment
transition rates of ~83, 40, 6, and 3 segments per second). This does not
allow us to delineate preferential sensitivities over the full range of tem-
poral modulation frequencies. However, experimental time is limited in
newborns and we focused on two specific “windows” of the continuum.
These modulation frequencies were chosen because they encompass fast
(phonetic) and slow (syllabic) transition rates of speech (Stevens, 1998).
For further descriptions and details on the acoustic properties of the
stimuli, see the study by Boemio et al. (2005). An example of each stim-
ulus condition can be heard in supplemental audios 1-4, available at
www.jneurosci.org as supplemental material. In a pseudorandomized
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order, a total of 23 stimuli per condition were A

presented with variable interstimulus intervals i

ranging from 1 to 12 s (mean, 4.1 s). 12
25

Procedure 160

The newborns lay on a parent’s lap while the

stimuli were presented via two high-quality 300

stereo speakers. The sound level was set to 70

dB,. Presentation software (V0.7.1, Neurobe- F9

havioral Systems) running on a Microsoft
Windows 98 platform was used for controlled
stimulus presentation. The total duration of
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the experiment was 20 min and the whole pro-
cedure was tolerated well by the newborns and
parents. The experiment was discontinued if
the infant showed any sign of discomfort. It
should be noted that the very low dropout rate
and the high number of acquired data sets in-
dicate that the simultaneous registration of the
vascular and the electrophysiological response
by means of optical topography and EEG is
generally appropriate for newborns.

Data acquisition

EEG. EEG was recorded from 17 sintered Ag/
AgCl electrodes (Brainproducts) from the fol-
lowing scalp positions [according to the
international 10—20 system (Sharbrough et al.,
1991)]: F3, F4, C3, C4, P3, P4, F7, F8, T7, T8, F9,
F10, Fpl, Fp2, Fz, Cz, and Pz, online referenced
against the left mastoid, with the AFz as the
ground electrode (Fig. 1). EEG was recorded at a
sampling rate of 1000 Hz by a direct-coupled am-
plifier (BrainAmp, Brainproducts).

Optical topography. To assess the cortical
vascular response to the auditory stimuli, we
measured cortical oxygenation changes using
optical topography based on the principles
of near-infrared spectroscopy. Light in the near
infrared penetrates biological tissue rather
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well and thus allows tissue spectroscopy to
several centimeters depth, reaching the cere-
bral cortex. Spectroscopic assessment of cor-
tical concentration changes in oxygenated
hemoglobin [oxy-Hb] and deoxygenated he-
moglobin [deoxy-Hb] can be derived from
changes in attenuation at two wavelengths.
Event related focal decreases in [deoxy-Hb]
correlate well with activations as detected in
BOLD fMRI (Kleinschmidt et al., 1996). Fur-
ther details of the methodology and the under-
lying physiology go beyond the scope of this
article and were described in detail previously
(Obrig and Villringer, 2003).

In the present study we used an optical topog-
raphy system (Omniat Tissue Oxymeter; ISS)
consisting of four light detectors and eight light
emitters, separated by an interprobe distance of
2.5 cm. The volumes measured approximately
correspond to the cortical area underlying each
emitter—detector pair. As illustrated in Figure 1, we recorded six separate
positions over each hemisphere covering frontotemporal to temporopa-
rietal regions. Placement of the probe positions partially correspond to
the 10-20 system (Sharbrough etal., 1991), as depicted in Figure 1 for the
left and right hemisphere: (1) inferior frontal, (2) superior frontal, (3)
inferior temporal, (4) superior temporal, (5) posterior temporal, and (6)
temporoparietal. Fiber-optic bundles (emitter: 1 mm in diameter; detec-
tor: 3 mm) were fixed on the skull by adapting the probe heads to fit into
the EEG cap (EASYCAP) used for the concurrently recorded EEG. Op-

Figure 2.

hemisphere.

LH

Results of the electrophysiological recordings. A, Grand average of the AEPs in response to each stimulus condition
(12, 25, 160, and 300 ms). B, Grand average of the AEPs averaged across all stimulus conditions. LH, Left hemisphere; RH, right
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tical topography data were continuously sampled at 10 Hz, and attenua-
tion changes at 690 and 830 nm were converted into changes in [oxy-Hb]
and [deoxy-Hb] by the modified Lambert-Beer approach (Cope and
Delpy, 1988).

Data analysis

EEG. Off-line analyses of the raw data were performed with BrainVision
Analyzer software (Brainproducts). EEG data were downsampled to 500
Hz. The EEG data were filtered off-line using a 0.3 Hz low-cutoff, a 120
Hz high-cutoff, and a 50 Hz notch filter (bandwidth, 5 Hz; 24 dB/octave).
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For each stimulus we extracted an epoch from 200 ms before to 2500 ms
after stimulus onset. A manual artifact rejection was performed, and
contaminated segments were rejected. Data were re-referenced to the
averaged left and right mastoids. Epochs were baseline corrected using a
200 ms prestimulus period (—200 ms to stimulus onset). For the EEG
analysis we computed average event-related potentials (ERPs) for each
stimulus condition for 2000 ms relative to stimulus onset.

For the statistical analysis of the ERPs, mean amplitudes were calcu-
lated within the time windows from 0 to 200, from 200 to 1000, and from
1000 to 1800 ms after stimulus onset and were analyzed using a
repeated-measures ANOVA with the factors condition (12, 25, 160, and
300 ms), region (anterior: Fpl, F3; Fp2, F4; posterior: C3, P3; C4, P4),
and hemisphere (left, right). A Greenhouse—Geisser correction was ap-
plied and is reported here as the corrected significance.

Optical topography. After converting attenuation changes into con-
centration changes of the hemoglobin, high-frequency components—
mainly caused by the heartbeat—were attenuated by a low-pass filter at
0.3 Hz (Butterworth, third order). To correct drifts and slow fluctua-
tions, an additional high-pass filter at 0.03 Hz was applied. Because effi-
cient attenuation of movement artifacts is a special challenge in data
recorded in infants, an artifact correction procedure was performed.
First, a moving variance approach (Busch et al., 2006) was applied sepa-
rately for each position to detect sudden and abnormal signal changes
which mainly originate from movement artifacts. The procedure flagged
those time points in which the z-scored data of a probe position within a
moving 4 s time interval exceeded 2 SDs. After visual inspection of all
positions, the flagged time points were replaced by a linear interpolation
of valid data points encompassing the abnormal signal changes. We im-
plemented this interpolation procedure to avoid overly excluding entire
trials from data averaging and still attenuate noise stemming from move-
ment of the newborn.

The decrease in [deoxy-Hb] is a reliable parameter for an increase in
regional cerebral blood flow, because an increase in regional cerebral
blood flow results in a faster washout (reduction) of [deoxy-Hb]. Addi-

deoxy-Hb

Hemodynamic response to sound versus silence periods. A, Grand average of [oxy-Hb] increase and [deoxy-Hb]
decrease indicating brain activation averaged across all stimulus conditions compared with silence. Each circle represents one
probe position. Concentration changes in [oxy-Hb] and [deoxy-Hb] in mmol/L. B, Time course of the grand average across all
conditions averaged over all measured probe positions. The y-axis represents the concentration changes in millimoles per liter. The
x-axis displays the time in seconds. The rectangle along the x-axis illustrates the time of stimulation. The increase in [oxy-Hb] is
indicated by the red line, the decrease in [deoxy-Hb] by the blue line. LH, Left hemisphere; RH, right hemisphere.
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tionally, the [deoxy-Hb] decrease is the most
relevant physiological parameter for the BOLD
signal and it correlates with an increase in the
BOLD contrast (Kleinschmidt et al., 1996;
Steinbrink et al., 2006). Thus, we focused on
signal changes in [deoxy-Hb]. A number of in-
fant studies reported in addition to decreases in
[deoxy-Hb] selective increases in [oxy-Hb] or
total hemoglobin. Our data, however, showed

mmol/l

x10° areliable decrease in [deoxy-Hb] which is con-

24 sistent with findings in fMRI studies in infants

2 reporting increases in BOLD contrast in the

-16 language network (Dehaene-Lambertz et al.,

1.2 2002, 2006). The subsequent analysis was
RH 0.8 based on a general linear model approach in

analogy to “Statistical Parametric Mapping,” as
is used for other hemodynamic imaging tech-
niques. We computed hemodynamic concen-
tration changes in response to the stimulus
conditions. The boxcar functions correspond-
ing to the four stimulus conditions were con-
volved with a standard hemodynamic response
function (Boynton et al., 1996). In line with
previous reports from vascular imaging in in-
fants with the BOLD contrast and optical to-
pography (Taga et al., 2003; Homae et al.,
2006), we used parameters similar to those
used in adult subjects, assuming a peak re-
sponse at 4 s (7 = 1). Using a general linear
model approach, we compared the predictors
to the filtered data aiming at computing the 8
values for each probe position for the different
conditions. For the statistical analysis of the 8
values we chose an ANOVA for repeated mea-
sures with the factors condition and hemi-
sphere for each position and computed post hoc
paired t tests. Greenhouse—Geisser-corrected significances were re-
ported. Because of a strong a priori hypothesis assuming lateralized pro-
cessing of slow acoustic modulations and bilateral processing of fast
acoustic modulations (Boemio et al., 2005; Giraud et al., 2007; Hickok
and Poeppel, 2007) we computed one-tailed paired ¢ tests for comparing
hemispheric effects in those regions showing statistically significant
hemispheric effects in the ANOVA. To visualize the time courses of
concentration changes, we deconvolved the hemodynamic response of
all conditions in those positions in which the ANOVA indicated statisti-
cally significant effects (see Fig. 4 B).

Results

We presented four different complex acoustic stimulus condi-
tions with parametrically varying temporal structures to 31 new-
borns with a mean age of 3 d while assessing electrophysiological
and vascular brain responses in a simultaneous EEG and optical
topography setup. The stimuli consist of concatenated noise seg-
ments of varying length (i.e., 12, 25, 160, and 300 ms), forming
four different stimulus conditions with 9-s-long stimuli with
varying modulation frequency patterns (Boemio et al., 2005).

Auditory evoked potentials

To prove that the four stimulus conditions were effective at eliciting
robust basic acoustic response, we analyzed the event-related po-
tentials [auditory evoked potentials (AEPs)] in response to the
change of acoustic properties at the onset of each stimulus epoch.
AEPs were averaged separately for the four stimulus conditions to
assess whether the onsets of the different stimuli were processed
differentially. We found a prominent positivity without any
marked negative deflection in response to stimulus onset for all
conditions. Figure 2A shows the grand average for each of the
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four stimulus conditions. The AEPsinre- A
sponse to each stimulus condition were 3y
characterized by a mean maximal ampli- P T

tude of 5-6 wV and peak latencies at
~800 ms before returning to baseline
1800—2000 ms after the onset of the audi-
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tory stimulation. The mean AEP is dis- :
tributed over bilateral frontal and central - (5)

reveal any significant differences between
the four conditions in the three time win-
dows from 0 to 200, from 200 to 1000, and

12..25..160.300.

electrodes (Fig. 2 B). The ANOVA did not
H

from 1000 to 1800 ms in left and right |
anterior and posterior regions.

Vascular response

We first averaged across all stimulus con-
ditions to assess the hemodynamic re-
sponse during sound compared with
silence periods. Figure 3A shows the typi-
cal increase in [oxy-Hb] as well as the de-
crease in [deoxy-Hb] during the auditory
stimulation periods. Figure 3B illustrates

*k

*%

12ms HW25ms HM160ms H300ms

the mean time course across all conditions
averaged over all measured probe posi-
tions with a peak at ~10 s and a return to
baseline some 15 s after stimulus onset.

Our results correspond to the well known

vascular response dynamics in adults |
(Cannestra et al., 2003), newborns (Taga
et al., 2003), and older infants (Dehaene-
Lambertz et al., 2006; Homae et al., 2006;
Wartenburger et al., 2007).

Next, we analyzed whether the four
stimulus conditions resulted in differen-
tial hemodynamic responses. We applied
the general linear model and entered the 8
values for the four different stimuli into a
multivariate analysis. The ANOVA yielded
a statistically significant main effect of
condition in inferior temporal (F; 4y = 3.91, p < 0.02) and
posterior temporal (F; g9y = 3.71, p < 0.02) brain regions. The
ANOVA furthermore revealed a significant main effect of hemi-
sphere in the temporoparietal brain region (F, 55, = 4.03, p <
0.05). The signal changes in response to the four stimulus condi-
tions in those probe positions with significant ANOVA main
effects are illustrated in Figure 4.

The main effect of condition was analyzed post hoc using two-
tailed paired ¢ tests. The highest modulation rate stimulus (12 ms
segments) elicited the weakest response over all positions inves-
tigated (Fig. 4A). That is, newborns showed no hemodynamic
response modulation to this stimulus (increase in [deoxy-Hb]
was not statistically significant), although the stimulus onset was
recognized, as indicated by the AEPs. In contrast, the modulation
of 25 ms segments—acoustically slightly slower than the 12 ms
modulation and associated with a 40 Hz acoustic modulation
rate—elicited the greatest bilateral response. When compared
with the 12 ms modulation, the 25 ms modulation yielded signif-
icantly greater responses in the following brain regions: left infe-
rior temporal (39 = 3.74, p < 0.01) and posterior temporal
(t30) = 3.29, p < 0.01), right inferior temporal (¢5, = 2.64,p =
0.01) and posterior temporal (¢35, = 2.50, p = 0.02), and tem-
poroparietal (£.30) = 2.97, p = 0.01) regions. Compared with the

Figure 4.

RH

12ms ——25ms —— 160ms —— 300ms

Hemodynamic response to different temporal acoustic modulations. Grand average of [deoxy-Hb] decrease indicat-
ing brain activation for the four stimulus conditions (12, 25, 160, 300 ms) in the following measurement positions with significant
ANOVA main effects: (3) inferior temporal; (5) posterior temporal; (6) temporoparietal area. Measurement positions are plotted
following the same placement as in Figure 1. 4, The y-axis shows concentration changes of [deoxy-Hb] in millimoles per liter. The
x-axis displays the stimulus condition. *p << 0.05, Statistically significant paired t tests between conditions; **p << 0.05, statisti-
callysignificant paired t tests between hemispheres. B, Time courses of the [deoxy-Hb] decrease, indicating brain activation for the
four stimulus conditions. The y-axis displays concentration changes of [deoxy-Hb] in millimoles per liter. The x-axis displays time in
seconds. The rectangle along the x-axis indicates time of stimulation.

two slow modulation frequencies (segment lengths of 160 and
300 ms, respectively), the 25 ms modulation showed a statistically
significant greater response in the left inferior temporal brain
region (25vs 160 ms: ¢35, = —2.46, p = 0.02; 25 vs 300 ms: t 5, =
—3.00, p = 0.01). Notably, there was no statistically significant
difference between the two slowly modulated stimuli (160 vs 300
ms and vice versa). Because of the predicted direction of the
hemispheric effects (see above), we computed one-tailed paired ¢
tests investigating potential hemispheric lateralization effects for
the superior temporoparietal brain region. The one-tailed f tests
revealed no statistically significant hemispheric differences for
the two fast modulated stimuli (12 ms: ¢35, = 0.08, p = 0.47; 25
ms: t35, = 1.41, p = 0.08). However, a significantly greater re-
sponse was found in the right temporoparietal cortex region for
the two slowly modulated stimuli (160 ms: #.5, = 1.98, p = 0.03;
300 ms: 39y = 1.62, p = 0.05). Signal time courses for each
stimulus condition are presented in Figure 4 B.

Discussion

Our study demonstrates that the auditory cortex of newborns
exhibits differential sensitivity for processing varying temporal
structure of acoustic signals. Newborn infants were presented
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with four kinds of temporally varying stimuli while their brain
activation was measured using EEG and optical topography.

The electrophysiological recordings show an evoked response
(AEP) after stimulus onset which was similar for all stimulus
conditions. The AEP is characterized by a large positive compo-
nent with the maximal amplitude over frontocentral regions. Our
findings are in line with previous work on both the auditory
(Kushnerenko et al., 2002) and the visual (Lippe et al., 2007)
evoked potentials of newborns, demonstrating monophasic
and much slower evoked potentials when compared with the
AEPs in adults; the results also replicate previous findings on
AEPs in newborns (Dehaene-Lambertz and Pena, 2001; Picton
and Taylor, 2007). AEPs indicate change detection during the
initial analysis of the acoustic signal rather than reflecting the
featural analysis of the stimuli (Fellman and Huotilainen, 2006).
Thus, according to our assumptions, the analysis of the AEPs
across stimulus conditions did not reveal statistically signifi-
cant differences between conditions or hemispheres and indi-
cate that all stimulus conditions were equally well detected by
the newborns.

The vascular response averaged across all stimulus conditions
compared with silence indicates an increased cortical activation
during stimulus processing. The analysis of the vascular response
for each stimulus condition demonstrates that the response in the
auditory cortex was modulated by the four different temporal
variations, indicating that the auditory cortex of newborns is sen-
sitive to the temporal structure of a sustained acoustic signal.
Notably, the differential vascular response to the four temporal
variations cannot be explained by simple change perception, be-
cause we found similar AEPs in response to each stimulus condi-
tion (see above).

Comparing the amplitudes of the responses to the four
stimulus conditions, the greatest response was elicited by the
modulation of 25 ms, which can be considered the most rele-
vant temporal frequency modulation with respect to speech
processing at the phonetic level. The integration of 25-50 ms
variations is of exceptional significance for the perception and
encoding of speech, because this time window is relevant for the
extraction of segmental information from the speech signal, for
example the perception of phonemes and phonetic contrast
(Rosen, 1992). This effect cannot be explained by a general
increased attention to fast modulated stimuli, since the fastest
modulated stimulus condition (12 ms) resulted in the weakest
vascular response. The observation that temporal modulation of
~12 ms does not result in significant hemodynamic changes is in
line with fMRI findings in adults (Boemio et al., 2005).

What underlying mechanisms guide the newborns’ prefer-
ence for the specific temporal modulation of 25 ms? Gerhardt and
Abrams (2000) reported that in utero the fetus detects only vow-
els, whereas consonants, which are generally characterized by
faster acoustic variations, are unavailable to the fetus. Therefore,
the greatest bilateral response to the stimulus condition modu-
lated with 25 ms can be judged as an indication of novelty pref-
erence. Notably, the first months of infancy represent a sensitive
period to discriminate all phonetic units used in human lan-
guages. Our results might reflect this early sensitivity to rapid
acoustic changes (Kuhl, 2004).

In the literature, the uniqueness and peculiarity of the 25 ms
(= 40 Hz) modulation is also reflected by an electrophysiological
response phenomenon, the so-called auditory steady-state re-
sponse (ASSR). This oscillatory response originates mainly from
primary auditory cortex and is driven by a periodical acoustic
modulation of 40 Hz (Galambos et al., 1981). The ASSR is phase
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locked to the rhythm of the auditory stimulus and follows its
temporal fluctuations. Therefore, the ASSR is thought to be re-
lated to temporal processing in the auditory system, although the
functional relevance of the ASSR phenomenon is still not fully
understood (Picton et al., 2003). In our EEG results, we did not
find a prominent ASSR for the 25 ms stimulus condition. This
might be attributable to the only quasiperiodic modulation of
our stimuli (i.e., mean around 25 ms segments but drawn from a
distribution of different segment lengths) or to high variability of
the ASSR signal and large background noise in the EEG signal of
newborns (John et al., 2004). The prominent hemodynamic re-
sponse to the modulation of the 25 ms stimulus condition in our
study could be related to the ASSR phenomenon, thus indicating
similar underlying neuronal processes. However, the question of
whether there is a direct correspondence between the oscillatory
ASSR and the hemodynamic response is still under debate be-
cause a direct comparison between the two measured signals is
difficult as a result of the different temporal dynamics (Ross et al.,
2005).

The 25 ms modulation yielded the largest hemodynamic re-
sponse in five of the six temporal and temporoparietal positions,
suggesting processing predominantly in bilateral auditory corti-
ces. Although in the inferior temporoparietal position (Fig. 4,
position 5) the response magnitude for the 25 ms stimulus seems
slightly lateralized to the right, whereas the 160 ms stimulus ap-
pears to be left lateralized, neither difference proved significant in
the statistical analysis. The only hemispheric difference revealed
by the ANOVA was over the left versus right superior tem-
poroparietal positions. Interestingly, at this specific location
the 25 ms stimulus elicited a strong right-hemispheric re-
sponse; however, the statistical analysis revealed only a mar-
ginal trend for a right-lateralized response. Ross et al. (2005)
reported a right-hemispheric dominance of the 40 Hz ASSR ob-
tained by magnetencephalography in response to monaurally
and binaurally presented amplitude-modulated sounds in adults.
This right-lateralized distribution of the ASSR seems to occur
when attention is not specifically directed toward the stimulus
(Elhilali et al., 2009). In addition to the disputable correspon-
dence of the oscillatory ASSR and the hemodynamic responses,
the observed effect in our results did not reach the significance
level. Yet, given the broadly bilateral distributed signature of the
25 ms stimulus, we think that this finding may be interpreted
along the assumptions of the multi-time-resolution model
(Hickok and Poeppel, 2007). However, future research is needed
to address longitudinal changes in the cortical representation of
fast acoustic modulations during infancy. In contrast to the 25 ms
stimulus, the 160 and 300 ms stimulus conditions elicited a focal
right-lateralized response in the superior temporoparietal posi-
tion only, emphasizing the focal sensitivity of the underlying
right-hemispheric brain region for slowly modulated conditions.
Although comparisons between adults and newborns and be-
tween different methodologies are limited, we consider this pat-
tern found in the present study in line with the findings in adults
using the exact same stimuli in adults (Boemio et al., 2005).
Hence we interpret our data as an indication that the rightward
specialization for processing slow modulations prevails from
birth.

In sum, we consider our data to indicate an asymmetric pro-
cessing predominantly of the slow modulations already present
in newborns. Thus, our findings may be interpreted along psy-
choacoustic models proposing that a more general specialization
for different acoustic properties of the incoming acoustic signal
can be considered the basis for the observed lateralization of later
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emerging speech perceptual functions. For example, Zatorre et al.
(2002) argue that whereas left-hemispheric areas are predomi-
nantly involved during the processing of rapid temporal modu-
lations, thus forming the basis for processing speech sounds, the
superior temporal areas of the right hemisphere are specialized
for the analysis of spectral information like the analysis of pitch
change. A converging model by Poeppel (2003), with subsequent
work by Poeppel et al. (2008), suggests that the temporospectral
asymmetries result from differences in the size of the temporal
integration windows of the neuronal ensembles in these brain
areas. The model assumes that the bilateral auditory cortices are
equally sensitive to fast acoustic modulations, whereas slow mod-
ulations are preferentially processed by the right-hemispheric au-
ditory cortex. The results of our study can be seen in favor of these
assumptions and indicate that the lateralization of speech might
be a function of temporal signal properties. Our results shed new
light on the conclusions derived from studies demonstrating
that interhemispheric specialization for specific language
functions are present from early infancy (Dehaene-Lambertz
etal., 2002; Pena et al., 2003; Homae et al., 2006) by suggesting
that differences in the acoustic and not the linguistic proper-
ties of the auditory input (at least at this age) might drive the
observed lateralization of function.

Our data suggest that from birth the brain is sensitive to the
temporal structure of the auditory input. Newborns show an
increased response to fast acoustic modulations, especially in the
range that is relevant for phoneme perception. Similar to a study
in adults using the same stimulus material, our data suggest that
the newborn’s brain already shows a functional asymmetry for
processing slow acoustic modulations, such as prosodic infor-
mation, predominantly in the right hemisphere. Our results
provide further evidence that from birth the brain seems to
exhibit structural and functional properties especially tuned
to language, to facilitate one of the major needs of humans: to
communicate.
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